Bovine fertility is the subject of extensive research in animal sciences, especially because fertility of dairy cows has declined during the last decades.
In the model, the rate of P4 release into the blood is taken as proportional to CL function (Equation 10). 
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What is clear is that the rise in P4 levels and the continued presence of 154 P4 above an effective level sets in motion a series of events that lead to CL 155 regression. Hence, we incorporated these series of events as a black box using 156 time delays to obtain the right timing of PGF2α signaling. In the model, 2.5. Gonadotropin releasing hormone, luteinizing hormone and follicle stim-ulating hormone 162 Pulsatile signaling of GnRH regulates LH and FSH secretion [54] . Because
163
GnRH induces the LH surge, it indirectly induces ovulation [55] . The GnRH 164 pulse generator is located in the hypothalamus and is modulated by P4 and 165 E2 [56] . During the luteal phase, both P4 and E2 suppress the activity of the 166 GnRH pulse generator. During pro-estrus however, elevated E2 levels change 167 estrogen receptor signaling, which induces a GnRH surge [30, 56] . GnRH 168 is released into the portal circulation of the pituitary and binds to GnRH 169 receptors of the anterior pituitary [57] . In the model, GnRH stimulates 170 LH release, resulting in an LH surge concurrently with the GnRH surge. 
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The LH surge at the day before ovulation induces ovulation of the ovu-180 latory follicle and formation of the CL. The LH surge will shut down E2 181 and Inh production capacity of the ovulatory follicle [58, 24] 
Mathematical formulation
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The mathematical approach used for the bovine model is comparable 
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The system is considered in four compartments: hypothalamus, anterior inhibitory effects and are defined as
Synthesis of LH and FSH
Pituitary
Clearance of LH, FSH
Peripheral blood
Here, the value of the function has its maximum at the lowest value of the 
Model equations
239
The amount of GnRH in the hypothalamus is a result of synthesis in the 240 hypothalamus and release into the pituitary,
GnRH synthesis depends on its current level in the hypothalamus. If this 242 level approaches a specified threshold, synthesis decreases to zero. This effect 243 is modeled as
As long as GnRH is far below its maximum, the factor 1 − is represented by c GnRH,2 · GnRH P it (t), in which c GnRH,2 is a constant,
FSH is synthesized in the pituitary and released into the blood,
FSH synthesis rate in the pituitary is only dependent on delayed Inh, as in
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[61]. FSH is synthesized when the Inh level is low, i.e. high Inh levels inhibit
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FSH synthesis, which is included as a negative Hill function,
The index τ stands for a delayed effect of Inh, i.e. Inh is considered at time 263 t − τ . FSH release from the pituitary to the blood is stimulated by P4 and
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GnRH, and inhibited by E2,
Concluding, FSH serum level is a result of the difference between the released amount from the pituitary and clearance in the blood,
where c FSH is the FSH clearance rate constant.
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Like FSH, the LH serum level depends on synthesis in the pituitary, re-269 lease into the blood and clearance thereof,
LH synthesis in the pituitary is stimulated by E2 and inhibited by P4,
We assume a low constant basal LH release b LH from the pituitary into the 272 blood. On top of that, LH release is stimulated by GnRH,
Summarizing, LH in the blood is obtained as
where c LH is the LH clearance rate constant.
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Follicular function is stimulated by FSH, whereas its decrease is promoted 276 by P4 and the LH surge,
The sensitivity of the follicles to respond to FSH grows with their size. In the model, the threshold of FSH to stimulate the follicular function decreases with increasing follicular function. For this effect of a rising FSH sensitivity, a negative Hill function is included to control the threshold of FSH,
and the Hill function for the effect of FSH on follicular function becomes
PGF2α initiates the functional regression of the CL, and thereby the 279 decrease in P4 levels. After a large time delay, PGF2α synthesis is stimulated 280 by elevated P4 levels above a specified threshold value. The PGF2α level 281 declines a couple of days after its rise, which is included as a delayed positive 282 effect of P4 on the decay of PGF2α,
The LH peak initiates growth of the CL with a specified delay. After 284 reaching a certain size, the CL continues to grow on its own as long as
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PGF2α is low. The CL starts to regress when PGF2α levels rise above a
The production of P4 in the ovary is assumed to be proportional to CL 288 function, and the production of E2 and Inh is assumed to be proportional 289 to follicular function. Therefore, the equations for P4, E2, and Inh do not 290 contain any Hill functions,
The parameters c P4 , c E2 and c Inh denote the respective clearance rate con-292 stants.
293 Figure 2 gives an overview of all mechanisms described by the model equa- 
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A sensitivity analysis has been performed with the techniques desribed in 324 [67] . A more detailed description including column norms of the sensitivity 325 matrix and subconditions, which provide information about the sensitivities 326 and the dependencies of the parameters, can be found in [69] . This variation in hormone levels between cycles could well resemble variation 340 within a cow over consecutive cycles. However, a different parameterization 341 can be used to produce a stable limit cycle. The CL starts to grow a few days after ovulation and is large during the first 344 two follicular waves, which suppresses follicle growth. As the larger follicles 345 become more sensitive to P4, at a certain size the effect of P4 becomes so large P4 increase and lower levels of P4 in the following cycle (Figures 6 and 8) .
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Increased P4 levels induce a rise in PGF2α after a couple of days, which 369 causes CL regression and declining P4. 
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The above simulations show a quasi-periodic behavior, but a different 379 parameterization (not listed in this paper) could be used to produce a stable However, the cycles of a real cow are usually quite irregular, and we think 383 this is not due to changes in external factors for that cow but rather arises 384 from the fact that each cycle presents slightly new and somewhat different
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'starting values' for the next cycle, which we think that our model mimics. 
